INTRODUCTION
The largest and longest cetacean unusual mortality event (UME) on record in the Gulf of Mexico (GoM) was declared from Louisiana through the Florida panhandle (Franklin County), USA, starting in early tion of the stranded dolphins in Mississippi and Alabama were perinates (<115 cm body length) (Carmichael et al. 2012 , Venn-Watson et al. 2015a . Although perinatal bottlenose dolphin strandings typically increase in the northern GoM from January through April every year due to peaks in dolphin calving, the proportion of perinatal strandings during 2011 was elevated above baseline (Worthy 1998 , Mattson et al. 2006 , Pitchford et al. 2013 , Litz et al. 2014 , Venn-Watson et al. 2015a ).
There are a number of possible causes for dolphin UMEs but few specific to perinatal strandings, which are poorly understood. The majority of previous dolphin GoM UMEs were confirmed or suspected to be caused by either brevetoxicosis or morbillivirus (Litz et al. 2014) . Historically, causes of GoM dolphin perinatal deaths, both during expected spring calving peaks and UME years, are not well understood. Primary limitations to previous investigations of perinatal dolphin mortalities have included poor carcass detection and recovery, poor carcass condition, subsequent lack of histologic examinations, and lack of available molecular diagnostic assays targeting specific pathogens. Recently, 2 UMEs that occurred in Texas during the spring of 2007 and 2008 involved elevated numbers of stranded perinatal dolphins , Litz et al. 2014 . In these cases, infectious disease was suspected but, due to poor carcass condition and lack of available tissue for ancillary testing, could not be confirmed (Litz et al. 2014) .
Brucella is a gram-negative, intracellular bacterium, which has been isolated from many marine mammal species globally (Nymo et al. 2011 , Guzmán-Verri et al. 2012 , Hernández-Mora et al. 2013 . In cetaceans, Brucella sp. may cause placentitis and sporadic late-term abortion, and bacteria have been isolated from reproductive tract lesions (Miller et al. 1999 , Dagleish et al. 2008 , Guzmán-Verri et al. 2012 , Hernández-Mora et al. 2013 . Additional lesions associated with brucellosis in cetaceans include meningoencephalitis, osteomyelitis, and lung granulomas and abscesses (Dagleish et al. 2008 , Goertz et al. 2011 , Guzmán-Verri et al. 2012 , Cassle et al. 2013 , Davison et al. 2013 . A novel introduction of Brucella, an alteration of Brucella to increase its virulence, or point-source exposure of populations to Brucella have not been previously identified as causes of epizootics or perinatal die-offs in marine mammals. The role that Brucella plays in free-ranging dolphin perinate mortalities is largely unknown.
On April 20, 2010, ~3 mo after the UME's declared start date of February 1, 2010, the Deepwater Horizon (DWH) oil spill occurred (McNutt et al. 2012) . Barataria Bay, Louisiana, was one of the most severely impacted coastal areas, and both coastal Mississippi and Alabama were also affected (Michel et al. 2013) . Freeranging Barataria Bay bottlenose dolphins evaluated during live health assessments in August 2011 had evidence of severe lung disease and blood abnormalities consistent with hypoadrenocorticism (Schwacke et al. 2014 ). During the current UME, non-perinatal dolphins dying from 2010 through 2012 had a higher prevalence of primary bacterial pneumonia and adrenal cortical atrophy compared to reference dolphins (Venn-Watson et al. 2015b ). Exposure to contaminants from the DWH oil spill has been proposed as a potential cause of or contributor to adrenal and lung disease (Schwacke et al. 2014 , Venn-Watson et al. 2015b ). The impact of potential oil exposure on reproductive success of dolphins is unknown.
The goal of this investigation was to better understand potential causes of the ongoing northern GoM UME, specifically among perinatal dolphins, by comparing the epidemiology and pathologic findings of perinatal dolphins that stranded in Louisiana, Mississippi, and Alabama from 2010 through 2013 to those in baseline and reference populations. GoM UME perinatal dolphins were also tested for evidence of biotoxin exposure and morbillivirus infection, which are known causes for previous mortality events in the GoM. Further, as Brucella sp. is a known cause of abortion in cetaceans, the prevalence of Brucella sp. infection detected by PCR was compared between UME and reference perinate bottlenose dolphins (Miller et al. 1999 , Guzmán-Verri et al. 2012 .
MATERIALS AND METHODS

Stranded GoM perinate dolphin demographics
Dolphins included as UME cases in this study were perinates that stranded as whole carcasses, with a reported total body length <115 cm in Louisiana, Mississippi, and Alabama, USA, from January 1, 2010 through December 31, 2013 (Fig. 1) . Mattson et al. (2006) demonstrated that in this region estimated dolphin lengths at birth are 90−103 cm for females and 100−107 cm for males, supporting the idea that dolphins <115 cm are those that stranded soon after being aborted or born live. Stranding data from Louisiana, Mississippi, and Alabama collected between 2000 and 2005 were used to determine the baseline prevalence of dolphin strandings that were perinates in the northern GoM (hereafter referred to as 'baseline'). Since historically there are consistent spring peaks in the number of stranded perinates in the northern GoM from the months of January through April, coinciding with the calving season, the prevalence of UME and baseline stranded dolphin perinates was compared by limiting the scope to the months of January through April (Mattson et al. 2006 , Pitchford et al. 2013 . Statistical comparisons of the prevalence of stranded dolphin perinates (baseline [2000−2005] vs. 2009, 2010, 2011, 2012, and 2013 by state) were conducted using chi-square tests. The year 2009 was included to assess potential trends in the prevalence of perinatal strandings before 2010. The years 2006−2008 were excluded from the baseline, as the area was heavily impacted by Hurricane Katrina in August 2005, greatly reducing surveillance for stran ded dolphins (Pitchford et al. 2013) .
Data including stranding date and location, body length, sex, and carcass condition were collected using a standardized Level-A data record (National Oceanic and Atmospheric Administration [NOAA] with a reported body length <115 cm that were not reported as a whole carcass were excluded for the demographic comparisons. Previous to 2007, it was not recorded if carcass lengths were for whole or partial carcasses, so all dolphins with recorded lengths were included. This potential bias, if any, would increase the prevalence of shorter-length dolphins during the baseline period. Body lengths were compared between UME and reference study sets using Wilcoxon rank-sum tests. Significance was defined as a p-value < 0.05. Carcass condition codes were assigned based on definitions established in Geraci & Lounsbury (1993) .
Gross necropsy evaluation
Post mortem examinations of stranded UME perinates were conducted by members of the United States Marine Mammal Stranding Network either in the field or at institutional facilities. Of the 69 UME perinatal dolphins with histologic evaluations included in this study, 57 (83%) were evaluated grossly using a standardized perinate form specifically developed to record the presence or absence of grossly observable perinate dolphin characteristics. Pulmonary atelectasis was determined grossly based on whether the lungs sank or floated in formalin. Lungs that sank were regarded as grossly atelectic, and lungs that floated were non-atelectic. To further characterize the developmental status of the perinates, the prevalence of the presence or absence of the following gross perinatal characteristics were assessed using a standardized datasheet: fetal skin folds, rostral hairs, hair follicles, erupted maxillary teeth, erupted mandibular teeth, lingual papillae, nuchal dent, folded dorsal fin, creased dorsal fin, dent proximal to blowhole, open ductus arteriosus, open or healed umbilicus, and presence of meconium.
Histologic evaluations -case-reference study
A total of 64 UME perinatal dolphins that stranded as whole carcasses along coastal Louisiana, Mississippi, and Alabama between February 2010 and December 2013 had at least the lung available for evaluation. In addition, photographs were reviewed from 7 partial carcasses in which histology was available. Of those 7 cases, 5 carcasses had lengths that were determined to be <115 cm despite missing tissue; therefore, 69 total perinatal dolphins were included in the case-reference study. Additionally, Fig. 1 . Perinate stranding locations from Alabama, Mississippi, and Louisiana, USA, from 2010 to 2013. Unusual mortality event (UME) perinates with histologic evaluations included as cases in this investigation in red; UME perinates without histologic evaluations but used in the demographic comparisons in blue archived histopathology reports or hematoxyalin and eosin stained slides from 26 reference perinatal (<115 cm total length) dolphins were evaluated to compare the prevalence of lesions between UME and reference perinatal dolphins. Reference perinatal dolphins stranded outside the UME area in South Carolina (1996−2012) and the east and west coasts of Florida (2002 Florida ( −2009 and were selected based on availability of histopathologic reports and/or slides. Tissue samples from UME and reference perinatal dolphins were collected and stored in 10% neutral buffered formalin. The tissues were processed routinely, embedded in paraffin, sectioned at 5 µm, and stained using hematoxylin and eosin (H&E). Two pathologists (K. M. Colegrove and M. J. Kinsel) evaluated UME and reference cases with a consensus on the grading scheme. For lung evaluations, cases with lung lesions diagnosed histologically were defined as 'abnormal lung'. Pulmonary atelectasis was graded histologically as partial or complete depending on the number of alveolar spaces or bronchioles that were expanded by clear space (air). Fetal distress was defined as amniotic squamous cells within bronchioles and alveoli, increased in number above the small numbers normally found at birth, and with or without meconium (Gould 2007) . Severity of fetal distress was graded subjectively as mild, moderate, or severe depending on the amount of amniotic squamous cells and/or meconium present in the lung and the extent of bronchioles and alveolar spaces affected. Inflammation indicative of pneumonia was graded subjectively as mild, moderate, or severe depending on the number and extent of inflammatory cells present. Pneumonias were sub-classified as 'in utero infection other than lungworm' if pulmonary inflammation was present in combination with histologically identified atelectasis and/or fetal distress and lung parasites were not present.
Statistical comparisons of the prevalence of histopathologic lung lesions (abnormal lung, atelectasis, fetal distress, and pneumonia), lung-positive for Brucella sp. via PCR, and sex among UME and reference perinatal dolphins were conducted using chi-square tests if adequate numbers were available and by Fisher's exact tests if any frequency was < 5. Comparisons were also made between the prevalence of lung lesions, lung-positive for Brucella sp. via PCR, and sex among perinatal dolphins stranding in Louisiana versus Mississippi and Alabama to evaluate potential geographic and demographic differences. Odds ratios (OR) were calculated only if all cell frequencies were ≥ 5. Body length was compared between UME dolphins in which histopathology was completed and reference perinates using a Wilcoxon rank-sum test. Significance was defined as a p-value < 0.05.
Immunohistochemistry
Immunohistochemistry was completed on lung from 6 UME perinates (5 Brucella PCR-positive, 1 Brucella PCR-negative) with pneumonia of varying severity. Slides were rehydrated, and antigen retrieval was performed using a retrieval solution (Diva Decloaker, Biocare) at 121°C for 10 min in a pressurized chamber. The slides were blocked with normal goat serum, followed by antigen detection, using a rabbit polyclonal antibody to B. abortus (provided by Dr. Steven Olsen, National Animal Disease Center) diluted 1:1500 as the primary antibody. An automated immunohistochemical stainer was utilized (Leica BOND-MAX). Color was developed using a polymeric alkaline phosphatase system (Leica Bond™ Polymer Refine Red Detection) and counterstained with hematoxylin. Negative control slides were bovine tissues with non-Brucella bacterial granulomas. Positive controls were tissue from a bison infected with B. abortus.
Brucella PCR
DNA was extracted from frozen lung tissue samples (58 UME perinates; 17 reference perinates) using a commercially available kit (DNeasy, Qiagen) following the manufacturer's instructions. All samples were extracted in duplicate if there was sufficient sample available. Samples were tested for Brucella 16s rRNA DNA using a semi-quantitative real-time PCR with standard reagents (Gene Expression Master Mix, Applied Biosytems) and a minor groove binding probe that cross-reacts with known terrestrial and marine Brucella species (University of Illinois, Zoological Pathology Program Molecular Diagnostic Laboratory). Negative (sterile water substituted for DNA extract), extraction negative (extracted in parallel with samples using sterile water instead of tissue), and positive (clinical B. ceti isolate from a bottlenose dolphin) controls were included in each set of reactions. All reactions also included an internal positive control (Applied Biosystems TaqMan Exogenous Internal Positive Control). Threshold cycle (C t ) for a positive sample was set at 35 cycles while samples that amplified between 35 and 40 cycles were considered equivocal. Presence of Brucella spp. DNA was confirmed in all equivocal samples by PCR amplification and sequencing of a 135 bp fragment of the Brucella 16SrRNA gene as well as a ~750 bp fragment of the outer membrane protein (omp2a) gene.
For positive real-time PCR samples, sequencing of the entire omp2 gene was attempted using primers 2.33, 2.50, 2.51 and 2.57 according to published protocols (Ficht et al. 1996) . Two additional sequencing primers Bru3R 5'-CAG AAA TGA ACA TCA AGA GCC T-3' and Bru1F 5'-CCT CAA TTG TCG ATC CGC CT-3' were used in some cases for greater coverage. Nucleotide sequences were determined on an automated sequencer (Applied Biosystems 3730XL), and both strands were sequenced. Forward and reverse sequences were aligned to resolve ambiguous bases using Sequencher 5.0 software (GeneCodes). Sequences were compared to both known species of Brucella in GenBank and to each other using both a 2800 and 940 bp region after trimming to the shortest sequence. Sequences were aligned using Clustal W, and evolutionary history was inferred by using the maximum likelihood method based on the Tamura-Nei model using MEGA version 6 (Tamura et al. 2013) . Initial tree(s) for the heuristic search were obtained automatically by applying neighbor-join and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. Codon positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data were eliminated. There were a total of 2621 (for 2800 bp fragment) and 749 (for 940 bp fragment) positions in the final dataset.
Microbiology
Isolation of Brucella bacteria from UME perinate lung tissue (n = 29) was performed by conventional methods (Alton et al. 1988 ) with minimal modifications. Briefly, each tissue was dipped in 95% ethanol and flamed, then homogenized with an equal volume of phosphate-buffered saline. This suspension was then swabbed onto non-selective and selective agars including trypticase soy agar with 5% serum, Columbia agar, trypticase soy agar with 5% serum and antibiotics, trypticase soy agar with 5% serum, antibiotics and ethyl-violet, Ewalt's media, and Farrell's media with 5% serum. Agar plates were incubated at 37°C and 10% CO 2 for a minimum of 15 d, with observations typically at 5, 10 and 15 d.
Morbillivirus PCR assay
Lung tissue from perinatal dolphins (n = 11) was tested for morbillivirus using PCR. RNA extraction was conducted on tissues using RNeasy (Qiagen), on 0.5 g of tissue macerate, following the manufacturer's instructions. PCR was carried out by conventional semi-nested retrotranscriptase polymerase chain reaction (RT-PCR), which amplifies a 300 bp within a conserved region in the phosphoprotein gene (P gene) (Sierra et al. 2014) . Two negative controls (extraction and amplification) and an amplification positive control were used. PCR products were electrophoresed in 2% agarose gels and stained with ethidium bromide. A single band was present in all positive samples.
Marine biotoxin analysis
Testing for saxitoxin (n = 7), brevetoxin (n = 10), domoic acid (n = 13), okadaic acid (n = 8), and other diarrhetic shellfish poisoning toxins (DSP) (n = 4) was performed primarily on fecal samples using previously published methods . Brevetoxin (PbTx) was detected using a direct enzyme-linked immunosorbent assay (ELISA) method according to Maucher et al. (2007) and Fire et al. (2011) , receptor binding assay methods (RBA) according to Twiner et al. (2011) and Van Dolah et al. (1994) , and/or liquid chromatography−mass spectrometry (LC-MS) methods according to Fire et al. (2008) . Samples were analyzed for the presence of domoic acid by tandem mass spectrometry coupled with LC-MS/MS (Wang et al. 2012) . Analysis of the DSP toxins (okadaic acid [OA] , dinophysistoxins [DTX-1 and DTX-2], and pectenotoxin-2 [PTX-2] followed methods previously described in Fire et al. (2011) . Saxitoxin analysis was conducted using both RBA and LC-MS (Fire et al. 2012) .
RESULTS
Stranded GoM perinate dolphin demographics
Of 769 reported dolphin strandings that had a reported total body length during the UME in Louisiana, Mississippi, and Alabama from January 2010 through December 2013, 171 (22%) had a body length <115 cm. The mean and median lengths of perinates were 97 ± 11 and 97 cm (range 56 to 114 cm), respectively. Forty-nine percent of the peri-nates were male, 38% were female, and in 14% sex was undetermined. Among 165 perinate dolphins with known carcass conditions at the time of initial observation, 1 was alive, 19 (12%) were fresh, 114 (69%) were moderately decomposed, 29 (18%) were severely decomposed, and 2 (1%) were mummified. UME perinatal dolphin strandings by year were 2010 (n = 27, 16%), 2011 (n = 77, 45%), 2012 (n = 24, 14%), and 2013 (n = 43, 25%) and by state were Louisiana (n = 47, 27%), Mississippi (n = 85, 50%), and Alabama (n = 39, 23%).
As is typical for the northern GoM, the majority of perinatal dolphin strandings occurred during January through April in each year of this UME investigation (Fig. 2) . During this timeframe, the highest number of perinate strandings occurred during 2011 in Mississippi and Alabama (Fig. 2) . In addition to higher numbers of perinatal strandings, compared to state-specific baseline stranding data (January through April, 2000−2005) the prevalence of perinates among all stranded dolphins was significantly higher during 2011 in Mississippi and Alabama, and in 2012 in Alabama (Table 1) . Body lengths of perinatal dolphins that stranded in Alabama and Mississippi during 2011 (n = 60, 94 ± 9 cm) were shorter than stranded perinates from Louisiana during the same year (n = 17, 104 ± 8 cm) (p = 0.0005).
Gross UME perinate dolphin characteristics
Perinatal characteristics were evaluated in a subset of dolphins, and not all characteristics were investigated in each individual. Thus, prevalence of each characteristic is scored only for those dolphins in which it was reported. The most common gross features reported for perinatal dolphins were fetal folds (100%), open ductus arteriosus (100%), caudal blowhole dent (97%), creased dorsal fin (93%), hair follicles (91%), and a folded dorsal fin (88%) ( Table 2) .
Histologic evaluations -case-reference study
Histologic evaluations were conducted on 69 UME perinatal dolphins for which at least lung was available for evaluation that stranded in Louisiana (n = 21, 30%), Mississippi (n = 37, 54%), and Alabama (n = 11, 16%) from March 2010 through June 2013. Perinatal dolphins were evaluated that stranded in 2010 . UME perinate carcass conditions were fresh dead (n = 14, 20%), moderately decomposed (n = 49, 71%), or in a state of advanced decomposition (n = 6, 9%). The demographics of UME perinates evaluated histologically were comparable to overall UME perinate demographics. Twenty-six reference perinatal dolphins included in this study stranded outside of the UME geographic area in South Carolina (n = 17, 65%) between 1996 and 2012 and in Florida (n = 9, 35%) between 2006 and 2009. Carcass conditions of reference perinates were fresh dead (n = 19, 73%) and moderately decomposed (n = 7, 27%). Pneumonia, or inflammation within the lung, was common in UME perinates. When comparing UME and reference perinates, there were no differences in sex, the prevalence of histologically abnormal lungs, or the prevalence of pneumonia in general. UME perinates, however, were more likely to have atelectasis, fetal distress (OR = 18), and in utero infection (pneumonia) not due to lungworm infection (OR = 8), compared to reference perinates (Table 3, Fig. 3 ). The prevalence of these 3 lesions was not different among perinates that stranded in Louisiana versus Mississippi and Alabama (Table 4) . Among UME perinates, the prevalence of atelectasis and fetal distress was highest in 2012, although lesion prevalence was, in general, similar during all years of this investigation (Fig. 3) . A total of 60 (87%) UME perinatal dolphins had increased numbers of amniotic squamous cells and/ or meconium within alveoli or bronchioles consistent with fetal distress (Fig. 4B) . Aspirated meconium was globular and golden brown to yellow depending on degree of autolysis (Fig. 4B ). Among perinates with fetal distress, severity was mild (n = 10, 17%), moderate (n = 32, 53%), and severe (n = 18, 30%).
In forty-five (65%) of the UME perinatal dolphins, pneumonia was present in combination with atelectasis and/or fetal distress but not associated with lungworm infection, warranting the sub-classification of 'in utero infection other than lungworm infection'. This prevalence was higher than observed in reference perinates (19%, p = 0.0001). In cases with pneumonia, the severity of the inflammation was graded subjectively as mild (37%), moderate (43%), and severe (20%). In perinatal dolphins with in utero pneumonia not associated with lungworm infection, alveolar spaces multifocally contained macrophages, eosinophilic debris, and lesser numbers of necrotic and viable neutrophils and lymphocytes (Fig. 4C) . In most cases, inflammatory cells within airways surrounded amniotic squamous cells (Fig. 4D) . Multi focally, alveolar septae were thickened and contained similar inflammatory cells (Fig. 4C) . In some cases, there was advanced autolysis, which hindered evaluation of epithelial damage and determination of inflamma- Table 3 . Comparisons of demographics and the prevalence of lesions between perinatal common bottlenose dolphins Tursiops truncatus from the ongoing unusual mortality event (UME, n = 69) and a reference group (n = 26) tory cell type; increased cellularity indicative of pneumonia, however, was discernible. In many cases, post mortem bacterial overgrowth made identification of potential lesion-associated bacteria impossible. Ninety-four percent of all UME cases with pneumonia had partial or complete atelectasis and 97% had concurrent fetal distress with aspiration of amniotic squamous cells and in some cases meconium. All of the UME perinates with pneumonia that lacked fetal distress had lungworm infection. In UME dolphins in which lung tissue was PCRpositive for Brucella, complete atelectasis, moderate to severe fetal distress, and moderate to severe in flammation were common (Table 5 ). The majority of the UME perinatal dolphins positive for Brucella sp. DNA had in utero inflammation not associated with lungworm infection (31/32, 97%). Similar inflammation was noted in all 4 of the reference perinatal dolphins positive for Brucella sp. DNA in the lungs and 3 of 4 Brucella sp.-positive reference dolphins also had atelectasis and fetal distress. Of the UME perinates with pneumonia that were tested for Brucella via PCR, 31 of 45 (69%) had Brucella sp. DNA amplified from the lung. In 39% of PCR-positive cases, alveolar septae contained nodular to follicle-like accumulations of lymphocytes (Fig. 4C ). Of these PCR-positive cases with lymphoid follicle formation, most (8/14, 57%) had severe pneumonia. Lymphoid follicles were not noted in any of the cases of fetal pneumonia in either UME or reference dolphins which Brucella PCR on lung was negative. Only 2 UME and reference PCR-positive cases lacked evidence of pneumonia. Of the UME and reference cases in which Brucella PCR was negative, only 2 had severe pneumonia; one case was associated with dystocia, and one case had a se vere lungworm infection. Two UME perinatal dolphins with Brucella sp. infection had mild perivascular dermatitis, and one of these perinatal dolphins also had mild neutrophilic myocarditis.
Five UME perinates had multiple clusters of metastrongyle parasites within bronchi and bronchioles. Many parasites were adults and had numerous larvae within uteri. In 3 of the perinate UME dolphins with lungworm infection, inflammation was mild with small numbers of neutrophils and eosinophils surrounding parasites. Lung worms in one UME perinatal dolphin were not associated with inflammation. In the fifth UME perinatal dolphin with lungworms, parasites were surrounded by necrotic debris, large numbers of macrophages, and neutrophils, and there was granuloma formation around adult and larval parasites. These parasites were morphologically consistent with the dolphin lungworm Halocercus sp. Similar lung- worm infections and associated inflammation were noted in 6 (23%) of the reference perinatal dolphins.
Immunohistochemistry
Three of the 5 perinates positive for Brucella via PCR had positive B. abortus antigen staining using immunohistochemistry within inflammatory cells and mixed with debris and amniotic squamous cells within alveolar spaces (Fig. 5) . One perinate negative for Brucella via PCR was also negative using immunohistochemistry.
Brucella PCR
Among the 69 UME perinatal dolphins in which tissues were submitted for histologic evaluation, 58 (84%) had available frozen lung samples which were tested by PCR for the presence of Brucella DNA, and 32/58 (55%) were positive for Brucella sp. DNA. The prevalence of Brucella in reference perinatal dolphins was 4/17 (24%) (p = 0.02) ( Table 3) . Prevalence of UME perinatal dolphins positive for Brucella was similar from 2011 to 2013. When UME geographic areas were compared separately to reference perinates (24%), perinates that stranded in Mississippi and Alabama (61%) had a significantly higher prevalence of Brucella PCR-positive lung (p = 0.01). In contrast, the proportion of perinates that were Brucella PCR-positive was similar when comparing Louisiana (41%) and reference perinates (p = 0.46).
DNA was of sufficient quality from lung tissue from 12 Brucella-positive UME perinatal dolphins and one reference perinate (MML0408) to obtain a complete (2800 bp) omp2 gene sequence (Fig. 6 ) and in an additional 5 positive UME perinates to obtain at least 940 bp of readable sequence (Fig. 7) (GenBank accession numbers KT364234−KT364251). An additional 9 UME perinatal dolphins were positive by Brucella PCR, but sequence confirmation was limited to a 120 bp fragment of the 16s rRNA gene. The omp2 sequences were compared with those of known Brucella reference strains as well as samples from marine mammals at other sites (Figs. 6 & 7) . Trees with the highest log likelihood (−7548.2652 for 2800 bp sequences, Fig. 6 ; and −3347.1742 for 940 bp sequences, Fig. 7 ) are shown. Findings from analysis of the omp2 gene suggest the presence of at least 2 and possibly 3 sequence variants of Brucella spp. within the submitted tissues from UME perinates.
Microbiology
Brucella ceti was cultured from lung tissue in 3/29 (10.3%) UME perinates, all 3 of which were in fresh (Code 2) post mortem condition at the time of sampling. The 3 culture-positive UME perinates were also positive for Brucella sp. via PCR. Twenty-six UME perinates positive for Brucella via PCR were negative on culture, and 22/26 culture-negative UME perinates had moderate (Code 3) or advanced (Code 4) post mortem decomposition at the time of sampling. Mixed growth of multiple bacterial species was found in multiple tissues (e.g. brain, lung, and liver) of 4 Code 2 UME perinates consistent with post mortem bacterial overgrowth.
Morbillivirus PCR and marine biotoxin evaluation
All UME perinates were tested for morbillivirus using PCR were negative. Perinate UME dolphins tested for marine biotoxins were negative for domoic acid (n = 13), saxitoxin (n = 7) and DSP toxins (OA, n = 8; other DSP toxins, n = 4). Of the 10 perinates tested for brevetoxin, 3 (30%) were positive at low levels by ELISA (up to 16 ng g −1 ) but were below the detection limit or present in trace quantities by LC-MS. Brevetoxin results were available for 4 reference perinates, one of which was positive by RBA (188 ng g .
DISCUSSION
In the current study, distinct demographic characteristics and pathologic lesions were identified in bottlenose dolphin perinates that stranded between 2010 and 2013 as part of the northern GoM UME. There was also a significant increase in the number and prevalence of stranded perinates in Mississippi and Alabama during 2011, and these perinates were Table 5 . Prevalence of histologic pulmonary lesions in unusual mortality event (UME) (n = 32) and reference (n = 4) perinatal bottlenose dolphins Tursiops truncatus in which lung was positive via PCR for Brucella sp. The stranding of shorter perinates may indicate that more pre-term dolphins died in utero and were aborted during 2011 in Mississippi and Alabama. Grossly observed characteristics were similar to those reported previously in fetal or neonatal dolphins (e.g. patent ductus arteriosus), further indicating that most perinates examined were preterm aborted fetuses or very young newborns (McBride & Kritzler 1951 , Cockcroft & Ross 1990 , Dearolf et al. 2000 . Atelectasis, fetal distress, and in utero pneumonia not due to lungworm infection were commonly noted in UME perinates. The high prevalence of partial or complete atelectasis detected in UME perinates indicates that most perinates died in utero and were aborted or died shortly after birth and failed to completely inflate their lungs prior to death. Perinatal dolphins that stranded during the UME were 18 times more likely to have fetal distress compared to reference dolphins. Causes of in utero fetal distress include fetal hypoxia due to placental abnormalities (i.e. umbilical cord torsion) or infections that cause placental necrosis and reduce gaseous exchange, severe maternal anemia or malnutrition (through decreasing the oxygen carrying capacity of the blood), maternal hypoxia, and maternal shock (Keeling 2007) . Fetal distress can also occur during the birthing process with dystocia or abnormally strong uterine contractions (Keeling 2007) . Of these possible causes of in utero fetal distress, it is unlikely that population-wide increases in fetal distress were due to an epizootic of umbilical cord torsions or dystocias. UME perinatal dolphins were also 8 times more likely to have in utero pneumonia not due to lungworm infection compared to reference perinates. Based on the distribution of inflammation within affected perinates, most pneumonias noted were consistent with in utero infection primarily arising from infection of the placenta, amniotic fluid or hematogenous spread (Gould 2007) . In utero infection arising from infection of the amniotic fluid could occur through entry of microorganisms through an open cervix or systemic infections that localize to the placenta (Jeffery 2007) .
As part of an investigation into the potential impact of the DWH oil spill, health assessments conducted during August 2011 on live non-perinatal dolphins within the UME region (Barataria Bay, Louisiana) demonstrated a high prevalence of advanced lung disease, blood values consistent with hypoadrenocortism or inflammation, poor body condition, and overall guarded to poor prognoses for survival (Schwacke et al. 2014) . Corresponding to these changes noted in live dolphins, non-perinate dolphins dying in Loui siana, Mississippi, and Alabama from 2010−2012 had an increased prevalence of adrenal cortical atrophy and bacterial pneumonia (Venn-Watson et al. 2015b ). Any of these abnormalities could have led to abortion in pregnant dolphins. Severe lung disease with or without bacterial infections in dolphin dams may have resulted in in utero infection through direct spread of bacteria to the placenta or to a fetal distress reaction due to maternal hypoxia (Keeling 2007) . Additionally, pregnant sheep with hypoadrenocorticism are susceptible to late-term pregnancy losses ( Keller-Wood et al. 1998) . Thus, there is evidence that the high prevalence of in utero fetal distress, infection not due to lungworm, and late-term pregnancy losses or poor post-partum survival of UME perinates may be directly related to the poor health of dolphin dams following the DWH oil spill. While the specific cause(s) of in utero pneumonia was not apparent in all perinates, interestingly, Brucella infection was identified by PCR in over half of the UME perinates tested and a quarter of the reference perinates. The morphology of the lesions among Brucella sp.-positive UME and reference perinates was similar, including the presence of folliclelike aggregates of lymphocytes within alveolar septae. Brucella infection could also be confirmed via culture and immunohistochemistry in some cases. Culture of Brucella was hampered in many cases by post mortem decomposition, overgrowth of post mortem bacteria contaminating culture plates, and tissue quantity. In utero Brucella sp. infection should be a top differential in dolphin perinates with severe pneumonia and concurrent fetal distress, especially if lymphoid follicle formation is noted. Morphologically similar bronchopneumonia has been reported in bison and bovine fetuses aborted due to B. abortus infection (Rhyan et al. 2001 , Xavier et al. 2009 ).
While brucellosis has been associated with late-term abortions in cetaceans and some terrestrial species, it has not been previously associated with perinatal dolphin mortality events (Davis et al. 1990 , Samartino & Enright 1993 , Miller et al. 1999 , Wanke 2004 , Guzmán-Verri et al. 2012 ). In the current study, UME perinates that stranded in Mississippi and Alabama (but not Louisiana) were more likely to have brucellosis compared to the reference perinates. As such, many of the cases of fetal distress and pneumonia in Louisiana perinates, and at least some of the Mississippi and Alabama perinates were likely caused by other non-Brucella factors. Unfortunately, the baseline PCR-positive prevalence of Brucella in dolphins by stock in the northern GoM region is currently unknown, making it difficult to ascertain why geographic or stock differences in Brucella PCR prevalence were noted in this investigation. In bovine herds in which Brucella infection is endemic, incidence of infection can reach 20−30%, which is similar to the percentage of PCR-positive reference dolphins (Schlafer & Miller 2007) . Brucella infections were not a major cause of death in non-perinate dolphins that died during the northern GoM UME from 2010 to 2012; however, studies of dolphins in managed care have shown that Brucella sp. infections that induce abortion may not Fig. 7 . Phylogenetic comparison of Brucella omp2a partial gene sequences (940 bp) among terrestrial and marine Brucellas including 17 animals from the Gulf of Mexico. For other marine mammal and terrestrial strains, the number after the species name is the GenBank accession number. B. ceti reference strains were isolated from striped dolphins (Stenella coeruloeoalba; CP006896, FJ415891), common dolphins (Delphinus delphis; AF388815, FJ415893) and a porpoise (Phocoena phocoena; AF300817). All Gulf dolphins are listed by their field identification number with GenBank accession number in brackets. MML0408 highlighted in blue is a reference, non-unusual mortality event (UME) dolphin that stranded along the western coast of Florida in 2004. Maximum-likelihood phylogeny using Tamura-Nei substitution method in MEGA 6. Percentage of trees in which the associated taxa clustered together shown next to the branches necessarily cause mortality in the dam (Meegan et al. 2012 , Venn-Watson et al. 2015b ).
The high PCR prevalence of Brucella sp. infection identified in Mississippi and Alabama perinates could potentially have occurred due to increased host susceptibility to brucellosis in populations with endemic infections. Based on omp2 gene sequence analysis, it appears that multiple Brucella strains were present within stranded dolphins in the GoM. In addition, some of the strains detected in animals during the UME were similar to a strain amplified from a bottlenose dolphin perinate that stranded in 2004 along the central western coast of Florida (MML0408). These findings support that perinatal deaths were not due to a single novel Brucella type. Instead, other factors may have increased susceptibility to Brucella sp. infection and/or associated abortion.
The 2010 DWH oil spill, in which oil discharged from April 20 through July 15, reached the coastlines of Louisiana, Mississippi, and Alabama, (McNutt et al. 2012) . During and following the oil spill, elevated levels of polycyclic aromatic hydrocarbons (PAHs) were detected in these coastal environments (Allan et al. 2012 ). Exposure to DWH oil spill-associated contaminants has been previously proposed as one of multiple potential contributing factors to the 2011 cluster of perinatal deaths in Mississippi and Alabama (Carmichael et al. 2012) . Given that the high prevalence of brucellosis and greatest increases in perinatal strandings were not apparent until after the oil spill, there may have been oil-associated factors that led to an increase in failed pregnancies, one of which may have included altered maternal immune system function resulting in increases in illnesses.
Previous studies have identified associations between oil and hydrocarbon exposures, impacts on immune systems, and failed pregnancies in terrestrial species. Mink exposed to crude oil through ingestion had lower numbers of live born kits than unexposed control mink, and exposure has also been shown to cause significant perturbations in immune system function (Mazet et al. 2001 , Schwartz et al. 2004 . Additionally, women exposed to hydrocarbons during pregnancy have an increased risk of abortion (Xu et al. 1998 , San Sebastian et al. 2002 . Gestation length in bottlenose dolphins is approximately 380 d; therefore, dolphin dams that aborted or lost late-term fetuses in early 2011 would have been in the earlier stages of pregnancy during the DWH oil spill in 2010 . Any late-term reproductive failure related to oil exposure would have occurred in late 2010 and beyond. Alterations in immune system function may play a role in either susceptibility to initial infection with Brucella sp. or persistence of infection. Protection against intracellular pathogens such as Brucella sp. requires an adequate cell-mediated immune response (Skendros & Boura 2013) . Brucella is also known to cause latent infections in which the bacteria persist within phagocytic cells in a dormant state and at a later time replicate and cause clinically significant recrudescent disease (Olsen & Palmer 2014) . People with chronic or re-lapsing brucellosis have been shown to have a reduced Th-1 immune response (Skendros & Boura 2013) . Exposure to oil spill-associated contaminants and immune system perturbations could have potentially led to an increase in non-Brucella infections affecting the placenta or to the moderate to severe lung disease and bacterial pneumonias identified in live and dead, non-perinatal dolphins during the UME (Schwacke et al. 2014 , Venn-Watson et al. 2015b . Future investigations on immune function in GoM dolphins are needed to determine whether exposure to hydrocarbons during the DWH oil spill or other environmental stressors may have caused an increased susceptibility to infectious agents that affect the fetal-placental unit or other conditions leading to late term fetal loss.
This investigation further supports that dolphins can be infected by lungworms via transplacental transmission (Dailey et al. 1991 , Fauquier et al. 2009 ). The significance of this very early lungworm infection is uncertain, although several perinates in this study had a significant inflammatory response to the parasites. It is possible, therefore, that parasitic pneumonia acquired transplacentally may contribute to morbidity and mortality in some perinatal and very young dolphin calves.
Only a few UME perinates had lesions identified outside of the respiratory system, and there was no evidence that either morbillivirus or biotoxins played a role in the perinate deaths. Since autolysis was substantial in many cases (95% had moderate to advanced decomposition), lung was sometimes the only tissue available for histologic assessment, and in others post mortem artifact may have masked other tissue lesions. The perivascular dermatitis and myocarditis noted in several perinates that were PCRpositive for Brucella sp. may be a manifestation of bacteremia. Unfortunately, lung was often the only tissue available for PCR testing in this investigation, and post mortem condition precluded bacterial culture in most cases; therefore, future studies should aim to better characterize the distribution of Brucella sp. bacteria in aborted dolphin perinates. Another limitation of this investigation was the lack of baseline histopathologic and diagnostic test data in the GoM dolphins available for this study to review. Improvements in sampling and evaluations of perinatal mortalities across dolphin stocks in the future would improve our knowledge of what causes the expected annual increase in perinatal mortalities in the northern GoM including future trends in prevalence of brucellosis and strains of Brucella sp.
In summary, this study supports that perinatal dolphins throughout Louisiana, Mississippi, and Alabama were susceptible to fetal distress and in utero infections during the northern GoM UME. Pregnant dolphins from Alabama and Mississippi, especially during 2011, were susceptible to earlier fetal losses than had been reported in previous years and to Brucella-associated abortion. Importantly, this study demonstrates that the increased numbers of stranded perinates were not due to a single novel Brucella clade. There continues to be a need to understand why dolphins were particularly susceptible to lateterm fetal loss in this UME, including the potential contributing role of the DWH oil spill. 
